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Abstract

We report on the results of an A SCA observation of the ISR 111259-63 system,
conlaining a 47 s pulsar in an cccentric 3.4 yr orbit with a Be star, carried out on
FFebruary 28, 1994. When the pulsar most closely approachies its companion, its pulsed
radio emission is cclipsed; the observations reported here were obtained after the radio
cclipse ended. The source is clearly detected, and has an X-ray luminosity (1 10 keV)
Lx=(1.03:1 0.09) X 1 0*(d/2kpc)? erg s . The X-ray spectrum is well-represented
Loy asingle power law model of photon index, a = 1.614 0.06, and small photoclectric
absorption, M = (5.6+ 0.6) x 10%' e 2. No significant X-ray pulsations were detected,
and anupper limit for the pulsed component is estimated 10 be 15% of the total X-ray
{lux, assuming sinusoidal modulation. The characteristics of the X-ray cinission detected
onFebruary 28, 1994 arc similar to those detected |y A SCA near periastron when the
pulsed radio emission from PSR 111259- 63 was cclipsed. Our results strongly favor anon-
t hermal model of X-ray ¢Missiondriven by synchrotronradiation from relativistic shocked

particles in the P ulsar wind interacting with the outflow from the Be star companion.
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1. Introduction

The PSR 111259- 63 pulsar is in a highly cceentric 3.4 yr binary orbit (Johnston et al.
1 992a,b). The pulsar’s astrometric, spin, and orbital parameters are determined by radio
timing obscrvations (Manchester et al. 1995, hercafter M95). Optical observations iden-
t ificd al0thmag B2Ve star, SS2883, at a position coincident with the pulsar’s position.
From its spectral YPC amass and a radius of SS2883 is estimated to be ~ 10 M., and ~
6-10 R, respectively (Johuston et a). 1994, hercafter 3 94 ). The distance to t he system
is som ewhat uncertain (J94) and we assmne here a compromised distance of 2 kpe.

1 >ulsars losc clectromagnet ic energy by the emission of electromagnetic waves and a
MID wind of relativistic particles. The interaction between the relativistic particle wind
and surrounding ne bular enviromments IS of part icular int erest 1o study modes of high
energy emission mediated by relativist ic shocks. Typically, the pulsar/nebula interaction
is studied in plerionic supernova remnants (e.g., Kennel, Coroniti 1984; Hoshino et al .
1992). 11owever, in principle binary systems containing rapidly rotating pulsars and com-
panion stars with sizeable gaseous outflows canbe used for the study of shockint eractions.
1 3¢ stars produce gascous outflows mostly concentrated in t heir equatorial planes. The
PSR 131259- 63 system containing a rapidly spinning pulsar and a Be star companion 1S
therefore ideal to study the pulsar /outflow int eraction (Kochanck 1 993; Tavani, Arons &
Kaspi 1 994; Tavani 19W).

Since its discovery, the PSR 111259- 63 system has heen observed several times at
X-ray cnergics. GINGA (Makino, Aoki, prival ¢ communication) and ROSA T (Cominsky,
Roberts, Johuston1994; Greiner, Tavani, Belloni 1 995) observed the PSR 111259- 63 sys-
temnear apastronin 1991-1992. A multi-wa v elength campaign was organized to observe
theJannary 1994 periastron passage, and the PSR B1259- 63 syst e was obser ved th -ce
times by ASCA (Kaspi et al. 1995; hereafter K'PN95) and by t he Compton Gamma-Ray
Obscrvatory CGRO (Tavani et a]. 1995; Grove et al. 1 995). The periast ron campaign
also included radio observations (Jolimst on et al. 1 995; Manchest er et al. 1 995).

A schematic drawing of the pulsar’s orbit is showninligure 1, in which the pulsar’s
positions in the orbit at the time of t I1(1 X-ray observations are shown. GINGA failed to
det eet X-ray emission from the syst em and gave anupper limit of 2 X 1 0% erg 8* ! (Makino,

Aok, privatecommunication). ROSA T'det cet ed X-ray cmnission fromt ie PSR131259- 63
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system with Tuminosity Ly ~ 103 crg s

near apastron (Cominsky, Roberts, Johnston
1994; Greiner, Tavani, Belloni 1995). However, due to interstellar absorption and the
limited energy band, ROSAT results could not constrain the X-ray spectrum. The three
ASCA observations near periastron (hereafter obsT on MJD 49349, obs2 on MJD 49362,
and obs3 on MJD 49378) allowed the first determination of precise spectral properties
of the system. Both the intensity and the spectrum showed an interesting time variable
hehavior. T'he main characteristics of the ASCA detection of PSR B1259- 63 near peri-
astron are: (1) power-law emission of photon index a ~ 1.6- 1.9 (2) low column density
Ny~ 6x 102 ems™? which remained constant across the periastron region; (3) relatively
low X-ray luminosity, Lx ~ 10*" erg s 15 (4) lack of pulsed X-ray emission with the pul-
sar spin period (ICTN95). Emission consistent with the power-law interpretation of the
ASCA results was detected near periastron by the 0SSI detector on hoard of CGRO
up 1o ~ 200 keV (with luminosity Ly ~ 10%" erg s 1, Grove ot al. 1995), with a clear
indication of a spectral break near 110 MceV (Tavani ot al. 1995). All the X-ray and
ganna-ray observations near periastron were carried out when pulsed radio ciission from
PSR BB1259—63 was not detected, possibly because of free-free absorption or scattering
duc to intervening gascous material from the Be star (1995).

The properties (1 4) of the X-ray emission deteeted by ASCA near periastron, as re-
inforced by the CGRO data, strongly favor a non-thermal mode of high-energy emission
caused by the interaction of the PSR B1259- 63 relativistic particle pulsar wind with a bi-
nary nehular environment. Indeed, the characteristies of all previous X-ray detections are
diflicult to reconcile with acerction scenarios (Cominsky et al. 1993; KT'N95). However,
due to the uneertain details of the hydrodynamics and geometry of pulsar/outflow inter-
action near periastron, the interpretation of X-ray emission in terms of a shock mechanism
needs to be confirmed.

We report. here on a target-of-opportunity (1'O0) observation of the PSR B1259--6G3
systenn obtained on February 28, 1994, after the radio pulsar cierged from the periastron
celipse. This new ASCA observation therefore provides invaluable information on the
mechanisim of high-energy cmission in a regime where aceretion onto the surface of the
nentron star, which should quench radio pulsations, is not applicable. We also present a
re-analysis of the periastron ASCA observations, which confirms previous results (WI'N9S)

and somewhat improves the spectral information.




2. Observation

We observed PSR B1259- 63 with the ASCA satellite (Tanaka, Inoue, Holt 1994; Ser-
lemitsos et al. 1995) on 1994 Iebruary 28 as an ASCA ‘1" ()() observation (hereafter
01)s1). PSR B1259-63 was at truc anomaly 127° and radio pulsations became visible
after a periastron passage (M95). The net exposure was about 10 ks for cach sensor.
The two SIS were operated in 1-CCD mode with time resolution of 4 s and the two GIS
were in PH mode with time resolution 1.95 ms, high enough in principle to study 48 s
pulsations from PSR 131259--63 . The observation is summarized in Table 1.

The X-ray data was reduced with standard sets of analysis tools, including XANADU
and 1"TOOLS packages supplied by ASCA Guest Obscerver Facility (GOY) at the God-
dard Space Flight Center (GSFC) and at the Institute of Space and Astronautical Science
(ISAS). In spectral analysis we also used a program “jbldarf” supplied by the ASCA cal-
ibration tcam to calculate an XRT eflective arca of our observation taking into account
of detector’s responses. In the temporal analysis we utilized our original programs devel-
oped on the ASCA _ANLL package, which we have heen developing as a platform of flexible
analysis of ASCA data. In these programs, however, the GOF-supplied routines were
uscd for temporal corrections, such as a conversion of arrival times of photons to those
at solar system barycenter, to keep consistency between results from GOY-supplied tools

and 01117s.
3, Results

’'S1{ 111259- 63 was clearly detected with hoth S1S and GIS, and the X-ray images are
consistent with a point source. The position of the X-ray source is coincident with the
position of PSR B31259- (63 to within 1 arc minute, the accuracy of the attitude determi-
nationof ASCA satcllite. IFor the analysis described below, we selected photons within
4 arc minutes from the position of the X-ray source. The SISO and SIST data were ac-
cumulated into a single energy spectrum. The G152 and GIS3 data were also suimimed
into another cnergy spectrum and were combined for the temporal analysis to obtain
maximum sensitivity.

As reported in WIN9S, an unidentified X-ray source was visible approximately 10°

south west of the pulsar in GIS images. We do not discuss this the serendipitous source
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in this paper.
3.1. Spectral Analysis

Since the position of PSR B1259- 63 is near the Galactic plaue (b ~ - 1°), the Galactic
ridge emission gives an important contribution to a background spectrum. The source
flux in obsd was sufliciently weak that the contribution had to be taken into account,
although it was negligible for the previous three ASCA observations. To estimate the
background spectrum near PSR B1259- 63 |, we accumulated photons into a spectrumn,
Sucin, from a region which does not include the X-ray point sources in the image. A blank
sky spectrum, Bpan, was also accumulated in the same region on the detector. Another
blank sky spectrum, DBgre, was accumulated in the same region as those in which the
source spectrum was accumulated. The background hehind PSR B1259- 63 is deduced
from these spectra by multiplying Spap with a spectral ratio of the blank sky spectra,
Bsre/Buayn. We confirmed possible uncertainty in this background spectrum does not
afleet spectral results desceribed below,

We fit the energy spectra with the GOF-supplicd XSPIC software. The results are
stmmarized in Table 2. The spectra of hoth SIS and GIS are well-represented by a power
law model with interstellar absorption. A thermal bremsstralhilung model with interstetlar
absorption is also acceptable. No emission lines are present. The upper it for Iron
K emission line flux is 3.8 x 10" ® photons em™ 2 ™1 under an assmmption of narrow line
emission. The absence of emission lines argues in favor of the power law model.

Spectral fits to the SIS and GIS spectra result in the identical spectral parameters
within their uncertainties, except for their normalizations. T'he discrepancy in the S1S
and G1S normalizations is consistent with the difference hetween SIS and GIS fluxes re-
ported by the ASCA calibration team (Ishida ot al, private conmnunication). In the
Lope of obtaining more precise spectral parameters, the SIS and GIS spectra were fit
sinmiltancously by a single power law model with a connnon photon index and a comn-
mon cquivalent. colimn density. Because of the reported discrepancies hetween SIS and
GIS fluxes, the normalizations for the SIS and GIS spectra were treated as independent
paramcters. Figure 2 shows the resnlt.,

We re-analyzed data from obsl, obs2, and obs3in the same way as above; we estimated

background spectra including the Galactic ridge emission, and fit the SIS and GIS spectra
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simultancously.  1n the previous analysis by K TN, the bhackground spectra did not
include the Galactic ridge cmission, and Only the SIS data were used for the spectral
anélysis. The best fit parammeters by the re-analysis are listed in Table 3. 'T'1)(: parameters
are consistent with those from K TN within their statisti cal uncertaintics.

Confidence contours for a single power law model are plott ed for the four observations
inIYigure 3. The speetral parameters of obsd are statistically identical with those of obs3
when the true anomaly was 90°. T'he equivalent column densities were const ant al a level
of Nji~6x10%" (1117 * throughout the four obscrvations. Therefore, we conclude the

column density is due to interstellar absorption towards PSR 13125963 .
3.2, Temporal Analysis

We first applicd a barycentric correction t o the photon arrival times inorder to correct for
the Doppler effect by orbital motion of the satellite and the mmotion of the carth around
the solar system barycenter.  After the conversion, we corrected the arrival times for
the Doppler shift caused by the motion of  1'S1{ 111259--63 inthe binary system. The
resultant t ime series data was “epoch-folded” with trial periods near the expected period
of PSRIBI1259- 63, 47.762321 s, as determined by the radio ephemeris (M95). For cach

of the folded light curves, we computed

where O 1s the observed counting rate of the kth phase bin, €' is the averaged counting,
rate, o = JC/T aud 1" is the duration of the observation. The quantity S becomes large
if coherent pulsations are in the data.

Iigure 4 sliows a periodgram, or a plot of the S values versus the trial periods, with
7= 32, In the figure the data of GIS2 and GIS3 were combined with cach other to obtain
maximun sensitivity to pulsations. No significant pulsations can be scen in the figure.
A folded Jight curve at the expected period is shown in Figure 5. We also tried 72 test
(Buccheri et al. 1983) for our data. Iigure 6 shows a plot of Z? values against the trial
periods for no= 1,2,3,4. We have a peak around the expected pulse period in the figure
and the peak sightly exceeds a detection it with 99 % confidence. The absence of
pulse detections by the epoch-folding method (Figure 4), together with almost featureless

folded light curve (Figure 5), indicates no strong pulsations are in our data, although the
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peak in Figure 6 suggests a possible detection of weak X-ray pulsations from he system
Upper limits to the fraction of pulsed photons in our data were estimated with the
epoch-folding method discussed by .cahy ot al. (1983). The 99% confidence upper limits
are listed in Table 4. In addition, time series data were simulated to confirm these upper
limits. We confirmed our 99% detection limits by one set of 300 simulated datasets of a
constant flux model, and another several sets of 300 time series datasets, cach of which
includes a sinusoidal profile of 15% to 20% in amplitude. As a result, the 99% upper
limit was estimated o Jie between 16% and 18%. I'rom these results, we conclude our
estimation of the detection Hmits and the upper limits for pulsations are correct

The Hulsation scarches were also performed in two energy bands, 0.5 2 keV and 2

10 keV. Again, no significant pulsations were found. Tor cach set of data the 99% upper

~

it .0 he pulsed fractions was also estimated and listed in "Table 4 T'o avoid missing,
pulse detection due to uncertainty  binary parameters, pulsations also scarched

-1 space as in KTN95. No significant. pulsations were detected by the I’- 1 scarch.

4. Discussion and Conclusion

Since the radio pulsar PSR 31259- 63 was visible in February 1994, an accretion-powered
mechanism for X-ray emission for the fourth ASCA observation seems extremely unlikely.
Any reasonable gascous flow from he Be star towards the pulsar should e strongly
perturbed by the pulsar wind pressure. Iiven for peculiar geometric arrangements hetween
the pulsar wind axis of symmetry and the Be star outflow, a mechanism of aceretion onto

the neutron star surfac

» which keeps the pulsed fraction very low with a low colunn
density (equal to the periastron value) is difficult to explaim. Iw hermore, pulsed radio
emission produced near the neutron star and propagating in e presence of an accretion
flow cannot be reproduced by outflow models that also explain the properties of the
cmission at periastron (Tavani, A ons 1996 hereafter TA96). We therefore conclude that

1e X-ray cmission in the PSR 31259- 63 system is driven by a nechanism differen
from aceretion. Since the X-ray properties during obsd are similar to those at periastron

(simple power-law emission, low column density, unpulsed cnss ion)

supports e
conclusions of KTN95 hat the periastron X-ray cmission is shock-powered as well.
A number of high-spin-down-luninosi y radio pulsars show X-ray pulsations with ¢

spin period (c.g. the Crah, PSR 31509- 58, PSR B1055- 527 sce Ogcliman (1995) for a




review). ven though most of the cinission in the PSRBT 259--63 system appears to be
dominated by alarge “nebular” contribu tion, pulsar magnetospheric ciission may also be
present. We found that the upper limit for a pulsed X-ray component in PSR 1112G9- 63
IS ~15 % of 1he total flux, corresponding to a pulsed X-ray luminosity X pulse ~ 1.3 x
1 0% (d/2kpe)? erg $° 1, where d is the pulsar distance. I the peak in Figure 6 is a
manifestation of pulsed X-ray cmission, the pulsed Immninosity would be near the allowed
upper limit. Magnetospheric X-ray emission is observed to be very stable (e.g., Sckimoto
et al. 1995). The pulsed luminosity, as constrained by the ASCA ohs2 (1K TN95), should
he 10ss than 4.4 x 10%2 (d/2kpe)? ergs™ . Inaddition, ROSAT showed the luminosity of
the systemind 1 () keVbandwas less than a few 103 (d/2 kpe)? erg s« 1 near apastron and
was 1111])1s¢ . 1T the pulsed magnctospheric contribution existed wit h pulsed lnminosity
near the upper limit for obsd, the ROSAT observations near apastron passage would have
detectednearly 1 00% 1)111sC (1 x-rays. In conclusion it is unlikely that the peak iy Iigure
6 is duc to magnetospheric emission.

Shock-powered emission predicts power-law X-ray spectra (‘TA9G). Allt 11( | A SCA
observations have revealed that the 01 sserved spec tra are well-represented 1)-j asimple
power-law model with a const aut interstellar absorption. Inthe cont ext of the shock -
powered model, the emitted spectrum is strongly influenced by synchrotron aud inverse
Compt on cooling of the p ost-shock particle energy distribution funct ion near periastron.
A s the pulsar moves away from the periast ron region, the shock radins is exp ected to
imcrcase, and both the syn chrotronand inverse Compton (1C) cooling have 1¢’ss influence.
1 3ased o1 this scheme, the fact that obsd shows the hardest spectrum of the four ASCA
observations is very significant.  Since the X-ray spectral slope of the PSR B1259- 63
system atperiastron (obs2) was 1,964 ().04, diflerence in photon index Aa = 0.35:1 ().()7.
The X-ray photon index a is a direet reflection of energy index p of clectron/positron
plasma emitting the X-rays, or p= 2 - 1, thus the diflerence Aa corresponds to Ap =
O).77() 40.74. Since both synchrotronand 1C cooling change t h(r energy index by 1.0
when the cooling s fully effective for the plasima, our Ap close to 1 .() indicates that the
plasma is sufliciently cool ecl by the coolings at periastron and relatively free from strong
radiat ive cooling at obsd. The detection of a hard power-law spectrum with a = 1.6 in
an enviromment thatl the radiat ive cooling is 1 (% s hmportant can therefore constrain the

cnergy index of the post-shock particle (list ributionfunction t o he less than 2.2,
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Table 1 Summary of ASCA TOO observation of PSR131259- 63

Observation period 1994 Teh. 28 1 2:00 18:30 (UT)
49411.50  49411.77 (MID)

Net expyosure (ksec) 7,83 (sls) /7 8.97 (GIS)

Counting rate “ (ctss<)().288,1 ().(0()5 (S1S) / 0.230:1 0.()()4 (GIS)

True Anomaly 127°

Stellar separat ion b 3.9 X 10'3 emi(=-550 R,)

«) ackgrounid-subtracted counting rates not corrected for aspect.
Kach averaged over SISO and SIST, and GIS2 and GIS3.
b) Fstimated for an assumed Be star nass of MC = 10M,,.

Table 2: Spectral properties of PSR B1259--63 obscrved at MJD 49411 (obsd)“.

Power law Thermal bremsstrahlung
Sensor Photon index Ny (1 0 em™ 2, A2 K (keV) Np (10%Tem 2, )2
S1S 1.634 ().09 05.5:1 06  1.15 1115 4.6 0.5 1.25
GIS  L(M =40.10 6.7:1 1.3 0.71 1410 5.0 0.9 0.87

a) Farors arc all 90% confidence limits.

Table 3: Spectral parameters for four ASCA observations derived from the SIS/GIS si
multancous {its®.

Obscrvation Photon  index Ny 11() keV flux 2

M7]) (102" em™ ?) SIS GIS
~01)sl 19249 178 4 0.05  “6.() 4 ().43.434 0.19 2.96:1 0.16 0.97
0l)s2 19362 1.964 0.01 5.8: 0.3 1.544 ().08 1.’12:1 0.07 0.96
obs3 49378 1.69-0.04 0.84().1 3.084 ().18 2.764 ().16 1 .22
01)s1 '19111 1.61:1 0.06 56406 2154, ().18 1.884 ().16 0.98

a) A 1l errors are 90 % confidence lim its.

D) Ilnmnits of lo” ergem 2 s'.

13



Table 4: Upper Jipits @ tothe D111sC (2 componentfromPPSR 111259 63.

0.5 10 keV 0.5 2 keV 2 10 keV
1 Datasct - Fraction® Tlux® - Fraction®  Flux¢ ~ Fract jon®  Flux”
obs] 8.71 0.0338 156.1 0.020'1 11.8 0.0280"
01)s2 7.58 0.0155 13.4 0.0114 10.7 0.0125
01553 8.38 0.03()2 18.4 ().(243 11.3 0.02753
ol )4 15.1 0.0378 22.2 0.0187 15.3 0.0249

") Calenlated with 99% confiden€¢:
b) Inunits of percent.
¢) In units of photons ™.
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Iig. 6. Result of Z2 test, ic., 22

Figure Captions

1. Schematic drawing of the orbit of PSR 1112W 63 . Also shown are the positions

of PSR 111259--63 when observed in X-ray band.

2. SIS and GIS spectra of PSR BB1259- 63 at MJID49411. The spectra are fit
simultancously with a single power law model. Detector responses are folded on the

spectral model.

3. Confidence contour plots of spectral parameters for a single power law model at

MJID 49349(obs1), 49362(0bs2), 49378 (0hs3), and 49411 (obsd).

4. A periodgram, i.c., a plot of S values versus trial periods, i, subtracted by the
pulse period, P, = 47.762321 ms, expected from the radio ephemeris by Manch-
ester et al. (1995) GIS2 and GIS3 data were combined cach other. Detection limnits
for pulsed component are shown in the figure with confidence levels of 90% and 99%

under an asumption of a sinusoidal pulse profile.

5. Folded light curve at the expected pulse period, P, = 47.762321 s, estimated

using the radio ephemeris by Manchester et al. (1995). GI1S2 and G153 data were

combinced cach other.

2 values for n = 1,2,3,4 versus trial periods, P,
subtracted by the pulse period, P, = 47.762321 ms, expected from the radio
ephemeris by Manchester et al. (1995) GI1S2 and GIS3 data were combined cach

other.

Fig. 7. Flux history of PSR 111259- 63 at MDD 4931 9(0hs1), 49 362(0hs2), 49378 (ohs3),

and 4911 1 (obsd). Inthe figureresults irom previous X-ray missions (Makino, Aoki,
private communication; Cominsky, Roberts, Johmston 1 994; Greiner, Tavaui, Bel-
loni 199L) are also Plott @ after convertedto 1 10 keV flux, assuming the best fit

parameters in the leratures,
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